Murine models have been highly effective in identifying the monogenic forms of human obesity discovered to date. Melanin-concentrating hormone receptor 1 (MCHR1) has been shown to be significant in the downstream orexigenic activity of the leptin-melanocortin pathway by such models. In this study, the human MCHR1 gene was extensively characterized by sequencing 3.5 kb of coding, untranslated and intronic regions plus 1 kb of putative promoter region in 180 morbidly obese adults and 87 morbidly obese children, a total of >2.4 Mb of sequencing. Thirty-nine single nucleotide polymorphisms (SNPs) were found, seven of which encode an amino acid change. One mutation, R248Q, appeared to cosegregate with the obesity trait in one pedigree but was also found to be a rare polymorphism in control samples. To investigate the possible polygenic role of MCHR1, the six common SNPs (minor allele frequency >5%) found in the sequenced regions were then screened in 557 morbidly obese adults, 552 obese children, and 1,195 nonobese nondiabetic control subjects. The plausible promoter SNP, rs133068, was found to be associated with protection against obesity in obese children only (allele frequency P ‫؍‬ 0.006 and genotype frequency P ‫؍‬ 0.004). Most significant results were found when using a dominant model ( T he discovery of a monogenic form of obesity led to the first insight into human obesity's molecular cause (1). The finding of a leptin-deficient child who mimicked in phenotype the leptinlacking ob/ob Ϫ/Ϫ mouse was followed by the discovery of further Mendelian forms, all of which were components of the leptin-melanocortin pathway. These include mutations in genes for the leptin receptors, prohormone convertase 1, proopiomelanocortin, and melanocortin 4 receptor (MC4R) (2). These results highlight the significant role of this axis in the hypothalamus in the regulation of food intake and energy expenditure. The first-order, leptinresponsive, arcuate neurons project fibers to further hypothalamic nuclei such as the ventromedial and paraventricular nuclei, as well as the lateral hypothalamic area (3). In the lateral hypothalamic area, a rich supply of fibers innervate melanin-concentrating hormone (MCH) neurons, which have significant orexigenic activity (4).
T he discovery of a monogenic form of obesity led to the first insight into human obesity's molecular cause (1) . The finding of a leptin-deficient child who mimicked in phenotype the leptinlacking ob/ob Ϫ/Ϫ mouse was followed by the discovery of further Mendelian forms, all of which were components of the leptin-melanocortin pathway. These include mutations in genes for the leptin receptors, prohormone convertase 1, proopiomelanocortin, and melanocortin 4 receptor (MC4R) (2) . These results highlight the significant role of this axis in the hypothalamus in the regulation of food intake and energy expenditure. The first-order, leptinresponsive, arcuate neurons project fibers to further hypothalamic nuclei such as the ventromedial and paraventricular nuclei, as well as the lateral hypothalamic area (3) . In the lateral hypothalamic area, a rich supply of fibers innervate melanin-concentrating hormone (MCH) neurons, which have significant orexigenic activity (4) .
The action of MCH was determined by its injection into the lateral ventricles of rats, which were then found to become hyperphagic (5) . Also, the ob/ob Ϫ/Ϫ mouse was found to have increased mRNA levels of the preprohormone of MCH, and this was similar to the increase in the mRNA of the established orexigenic hormone neuropeptide Y (6) . Subsequent investigations proved that MCH and the anorexogenic ␣-melanin-stimulating hormone functionally counteracted each other in their effect on food intake, although MCH did not act as an antagonist to the ␣-melanin-stimulating hormone receptor, MC4R (7) . Viable homozygous MCH knockout mice were generated, and these MCH-deficient animals were found to have a reduced body weight and were lean because of a combination of hypophagia and an increased metabolic rate (8) . MCH's role in energy homeostasis was also demonstrated by the MCH gene being a requirement for the ob/ob Ϫ/Ϫ mouse to express its extreme obesity phenotype (9) . A double-null mouse, negative for both the leptin and MCH genes, was found to have a reduction in body fat. Although the hyperphagia of the ob/ob Ϫ/Ϫ persisted, this was offset by a marked increase in energy expenditure at rest and increased locomotor activity.
The orphan human G-protein-coupled receptor number 24, previously known as somatostatin receptor-like protein 1, was identified as the receptor for MCH (MCHR1) (10) . Homozygous MCHR1 knockout mice were generated and found to be lean, hyperactive, hyperphagic on normal diet, less prone to dietary-induced obesity, and to have an altered neuroendocrine profile (11) . Hyperactivity ap-peared to be the cause of the leanness and the reduced susceptibility to obesity. A selective high-affinity antagonist for the MCHR1 receptor was then reported, called SNAP-7941 (12) . Administration of this molecule to rats inhibited the orexigenic effect of centrally administered MCH and produced a decrease in body weight and food intake in both normal and diet-induced obese animals. In addition to the anorectic effects of antagonizing this receptor, experimental evidence of antidepressant and anxiolytic actions were also found (12) . Due to their ubiquitous role in the communication between a cell and its environment, the G-protein-coupled receptor family has been a successful drug target for a plethora of diseases from cardiovascular to psychiatric disorders (13) . A possible role of less severe variants of genes responsible for the monogenic forms of obesity has been hypothesized for polygenic common obesity, as has been found in type 2 diabetes with the monogenic mature-onset diabetes of the young-1 hepatocyte nuclear factor 4-␣ gene's involvement in susceptibility for the polygenic disease (14) . Evidence for this with initial candidates in obesity such as leptin, leptin receptor, and MC4R is not strong, though a rare single nucleotide polymorphism (SNP) in the proopiomelanocortin gene has been found to be associated with childhood obesity in various populations (15) .
The significant downstream role of MCHR1 from the arcuate nucleus in mammalian energy and appetite regulation and the phenotypes of the related knockout mice make it a strong candidate gene for both monogenic and polygenic human morbid obesity. To investigate a possible Mendelian role, a cohort of 180 morbidly obese adults and 87 morbidly obese children were fully sequenced for the gene. Those individuals found to have coding changes had their pedigrees genotyped for this mutation to see if the trait cosegregated with the obesity phenotype. To identify a possible role in polygenic obesity, SNPs of minor allele frequency (MAF) Ͼ5% were genotyped in a further 377 morbidly obese adults and 465 obese children to make a total of 557 and 552, respectively. For case-control analysis alleles, genotype and haplotype frequencies were compared with frequencies in 1,195 nonobese and nondiabetic adult control subjects.
The location and frequency of SNPs found in the MCHR1 gene are displayed in Table 1 . A total of 39 SNPs were found in the sequenced region. Fourteen of these had an MAF Ͼ1%, and six were found to have an MAF Ͼ5%. These six frequent SNPs were confirmed as present on dbSNP (available from www.ncbi.nlm.nih.gov/SNP). Eleven were located in the coding region of the gene, and seven resulted in a change in the amino acid produced (one conservative and six nonconservative). The positions of the changes within the structure of the protein are shown in Fig. 1 . None of the mutations were found in the highly conserved DRY triplet motif crucial for signal transduction (16) , nor were any of the variants found in the critical binding and activation site of the receptor located at the 123rd residue (aspartic acid), which lies within the third transmembrane domain (17) .
The seven pedigrees of the individuals with the coding changes were subsequently sequenced for the relevant mutation. One pedigree showed cosegregation with the obesity phenotype in the family, with an obese father (BMI ϭ 30.07) and proband (Z BMI ϭ 4.95), both possessing the R248Q mutation. This amino acid lies within the third intracellular loop of the receptor, and both the G allele and its corresponding arginine amino acid are highly evolutionarily conserved across human, monkey, dog, mouse, rat, opossum, zebra fish, and fugu genomes. The proband had an onset of obesity at the age of 2.5 years, and the occurrence of the adiposity rebound was at the age of 2 years. BMI in early childhood usually decreases until around the age of 5 or 6 years and then begins to increase through to adolescence. The adiposity rebound is the point where the BMI begins to increase again after its initial decline. An early, or lack of this occurrence has been reported as a risk factor for obesity (18) . The affected child's brother had normal weight with a Z BMI of 1.41 and adiposity rebound at 6 years and did not possess the mutation. This variant was then screened for in a further 353 morbidly obese adults, 289 obese children, and 547 control individuals. The MAF was 0.61% (n ϭ 11) in the cases and not significantly different at 0.55% (n ϭ 6) in the control subjects (P ϭ 0.846).
The six SNPs with MAF Ͼ5% were then genotyped in an additional 842 individuals in the case group (making a total of 557 adults and 552 children, respectively; a total of 1,109 cases) and 1,195 control individuals. The locations of these SNPs in the gene are shown in Fig. 2 , and the results are in Table 2 . The three cohorts of French Caucasians that comprised the control group showed no significant difference in allele or genotype frequencies (P Ͼ 0.05). Adult control subjects were used for case-control comparison in both the adult and child cases because these are superior to matched age-group control subjects and because they have received longer environmental exposure but remain nonobese. One 5Ј SNP, rs133068, found 1,249 bp upstream from the start methionine codon was shown to be significantly different in allele frequency in the child cases (P ϭ 0.006) but not adults. However, the combined case group remained significant (P ϭ 0.010). The rare G allele was found to be protective. Although the adult results are not significant, the allele frequencies do lie in an intermediary position (G allele frequency ϭ 0.353) between those of the child cases (0.326) and control subjects (0.378). The genotype frequencies were then analyzed, and this same SNP rs133068 was found to be significant in the childhood group (P ϭ 0.004), not adults but again overall (P ϭ 0.021). To further investigate the positive allelic effect, the genotypes were then analyzed using either a dominant and recessive model. The recessive model found no significant difference for any SNP (data not shown); however, the dominant model was significant for the rs133068 SNP in the child cases (P ϭ 0.001, odds ratio 0.695 [95% CI 0.560 -0.863]) and in the overall group (P ϭ 0.006, 0.783 [0.658 -0.930]). One other SNP, rs133072, which resides in the untranslated region of exon 1, was also found to be significant for the total group of cases versus control subjects (P ϭ 0.044).
Linkage disequilibrium analysis (DЈ) of the six common (MAF Ͼ5%) SNPs revealed two blocks of strong linkage disequilibrium, between the second, third, and fourth SNPs and between the last two SNPs. However, the lowest linkage disequilibrium throughout the whole gene was found to be a DЈ ϭ 0.763 between the first, rs133068, and last SNP, rs3087592, a distance of 3.9 kb. Three major haplotypes plus 35 minor (Ͻ5%) haplotypes were identified using Phase 2.0 (29), using all six SNPs. None of these three common haplotypes showed any significant difference between the frequency of case versus control subjects, adult case versus control subjects, or child case versus control subjects (data not shown).
This study found one coding polymorphism, R248Q, which appeared to cosegregate with obesity but was subsequently found to also be present in control subjects at a similar (rare) frequency. Due to the very low MAF, it was not possible to test whether this variant may be contributing to the phenotype but with variable penetrance. Even though these data in themselves are limited because of unavailability of further samples from the pedigree, they are of considerable interest because during the course of the study reported here, another group working in the U.K. Caucasian population reported this same variant cosegregating with obesity (19) . No functional differences between the wild-type and variant were identified. Although these functional investigations were not successful, it is possible that further second messengers may be involved, differing tissue environments may cause the response, or the effects may occur during a specific developmental stage. R248Q, although found in control subjects, may confer an inherited susceptibility to obesity but with changing phenotype over time, a similar phenotypic history to that of MC4R mutations, where the maximal obesity effect occurs in childhood and lessens with age (20) , which could lead to a low rate being found in "normal " adults. Finally, the polymorphism may be in linkage disequilibrium with a true functional polymorphism. This study also investigated a possible role of MCHR1 SNPs in human polygenic morbid obesity and found association with one plausible promoter SNP, rs133068. This SNP was found to be significant after correction for multiple testing with a conservative adjustment for the linkage disequilibrium present within the gene. Noncoding sequence variations can have many unpredictable effects that can be difficult to discern (21) . A possible hypothesis for its action may be that this variant causes reduced activity of the promoter of the gene, leading to reduced expression of the receptor and thereby reduces the orexigenic effect of MCH. This may have long-term effects due to a reduced quantity of receptor overall in specific regions of the hypothalamus, or reduced numbers during a critical developmental stage may lead to long-term effects with regard to any neurotrophic role of receptor signaling (22) . The dominant effect of the rare allele suggests that two fully functioning MCHR1 genes are required to produce enough active receptor for optimal orexigenic activity. The protective nature of the nonancestral allele (the allele not present in Pan troglodytes [23] ) is consistent with the reduced selection for obesity-promoting pathways and "thrifty" obesity-promoting genes in the more recent portion of human history (24) . Likewise, this polymorphism may be in linkage disequilibrium with the true functional variant possibly further upstream from the sequenced region. The childhood cohort has a stronger genetic component to its obesity because of reduced environmental time of impact in the pathogenesis of their obesity, and this may explain the association being found only in this group and not in the adult case group. To confirm no effect of age due to using adult control subjects, a separate control group of 198 French Caucasian lean nondiabetic children was genotyped for the rs133068 SNP. This demonstrated no significant difference in the allele frequencies between the adult (0.378) and child control subjects (0.358), and using the child control subjects alone still supported the dominant model genotype association seen in the child cases (P ϭ 0.039). This result cannot completely exclude an age cohort effect due to the small sample size of the lean children; however, it does reach the nominal level of significance for a replication (P Ͻ 0.05) even if it does not reach the calculated, more stringent, study-wide significant P value (P Ͻ 0.004). A further replication in a larger French Caucasian cohort would be required to confirm this result. Subsequent testing for quantitative differences within the case or within the control group was not found for normalized Z BMI values and rs133068 genotype (data not shown).
The linkage disequilibrium analysis revealed linkage disequilibrium throughout the gene with a strong block that contained the SNPs rs133072 and rs133073. This is consistent with the U.K. Caucasian study, which found linkage disequilibrium with these two SNPs; however, that study did not examine any of the other frequent SNPs within the region (19) . Furthermore, as in the U.K. study, this investigation found no association with the obesity trait for the synonymous coding SNP rs133073 but did find a weak association with SNP rs133072.
This investigation has extensively characterized the genetic variation found in the MCHR1 gene. No strong evidence for a role in monogenic human obesity was found, but one plausible promoter SNP, rs133068, was found to be significantly associated with obesity. This result indicates that MCHR1 may be involved in the polygenic form of severe human obesity with early age of onset, and this will require both further investigation in different populations and functional work on the promoter region variant.
RESEARCH DESIGN AND METHODS
Subjects were all French Caucasian and were recruited using a multimedia campaign run by the Centre National de la Recherche Scientifique, the Department of Nutrition of the Paris Hô tel-Dieu Hospital, the Institut Pasteur de Lille, the Department of Pediatric Endocrinology of Jeanne de Flandres Hospital, and the Toulouse Children's Hospital. For this study, a cohort of 557 unrelated, morbidly obese adults (BMI Ͼ40), and 552 unrelated obese children (age Ͻ18 years, BMI Ͼ97th percentile for age and sex) were used giving a total of 1,109 cases. All subjects had been previously screened for MC4R mutations. Additionally, a total of 1,195 nonobese, nondiabetic adult control subjects were utilized for genotyping for the association study. The control subjects were unrelated adult nonobese, nondiabetic, French Caucasians pooled from three separate studies. The Supplementation en Vitamines et Miné raux Antioxidant study (25) included 246 male and 300 female control subjects (mean BMI 22 Ϯ 1.8, mean age 55 Ϯ 6 years). Regular weight measurements were taken so that those who had never been obese during the 8-year course of the study were chosen. Genotype frequencies are given with 11 representing homozygous common allele, 12 representing the heterozygous state, and 22 for homozygous rare allele. Genotype frequency compares all three groups. Dominant model analysis combines 12 with 22 and compares these with 11. P values are given for the 2 test for cases versus control subjects and are also given for adults and children separately versus control subjects. *P Ͻ 0.05.
Fleurbaix Laventie Ville Sante Study (26) 
who were gathered from maternity registry data for a study investigating the adult outcome of those born small or appropriate for gestation age gathered from northeastern France, with only the latter used here as control subjects (27) .
For the independent testing of child control subjects to exclude any age-cohort effect, 198 children from the Fleurbaix Laventie Ville Sante Study cohort (26) were used. These children were all French Caucasian, lean, and nondiabetic (age 14.6 Ϯ 2.2 years, BMI 18.3 Ϯ 2.2, male-to-female ratio 1:1). The ethical committee of Hô tel-Dieu in Paris and Centre Hospitalier Ré gional Universitaire in Lille approved the genetic study. Weight was measured in a nonpostprandial state and with an empty bladder and was determined to the nearest 0.1 kg on a standard physician's beam scale with the subject dressed only in light underwear and without shoes. Height was measured to the nearest 0.5 cm on a standard height board, again without shoes. BMI was calculated as weight (in kilograms) divided by the square of height (in meters). DNA isolation. Genomic DNA was extracted from peripheral blood cells using PURE-GENE D50K DNA isolation kits (Gentra Systems). Sequencing. For the sequencing of the MCHR1 gene, a random subset of 180 morbidly obese adults from the adult morbid obesity set described above and an extreme subset of 87 morbidly obese children from the obese children set selected for having a Z BMI Ͼ4.5 and onset of obesity before the age of 5 years were utilized. Thirteen overlapping PCR fragments were designed to cover the ϳ4.5-kb region including the exons, the single intron, and a plausible promoter region of 1 kb upstream from the start of exon 1 (Fig. 1) . The fragments were sequenced in a forward and reverse direction, leading to a total of Ͼ2.4 Mb of sequence. Primers were designed for these fragments using Primer 3 (available at www.genome.wi.mit.edu/genome_software/other/ primer3.html). Primer details are available from the authors. Primers were optimized with control DNA reactions to specify the temperature and MgCl 2 concentration. A total of 0.5 units AmpliTaq Gold (Applied Biosystems), 1.5 l 10ϫ PCR Buffer II (Applied Biosystems), 0.3 l deoxy-nucleoside triphosphate 10 mmol/l, and a range of 25 mmol/l MgCl2 between 0.9 and 2.4 l, specified by optimization, was added to 20 ng of DNA. A total of 30 ng of both forward and reverse primer was added to this reaction volume and then made up to a volume of 15 l with H 2 O. DNA was subsequently amplified by PCR using MJ research PTC-225 Peltier Thermal Cycler tetrad machines. Cycling conditions employed were 95°C for 15 min followed by 35 cycles of 95°C for 30 s, 50 -65°C for 30 s, 72°C for 30 s, and then a final step of 72°C for 10 min.
Cleanup of the amplified product for sequencing then required 2 l EXOSAP IT (USB) to be added to each 5 l of PCR product. The mixture was then incubated at 37°C for 15 min, at 80°C for 15 min, and then cooled to 4°C. The sequencing reaction required 4 l DNA template to be added to 4 l Big Dye Terminator Master Mix (Applied Biosystems), 1 l of the forward or reverse primer at a concentration of 5-10 pmol/l, and 1 l H 2 O to make a 10-l volume total. The reaction plate was placed in the thermal cycler machine and underwent a temperature cycling protocol of 25 cycles of 96°C for 30 s, 50°C for 15 s, and 60°C for 4 min. Following this reaction, the sequencing products were purified by ethanol precipitation. For each 96-well plate, 200 l of 7.5M ammonium acetate and 6 ml of 95% (vol/vol) ethanol were added together, and 62 l of this mix were then added to each well. An adhesive lid was used to seal the plate; then, it was inverted to mix and spun in a centrifuge for 30 min at 3,100g and 4°C. The supernatant was then removed immediately, and the plate was drained upside down on tissue. A total of 100 l chilled 70% (vol/vol) ethanol was then added to each well and was spun again at 3,100g for 2 min. The supernatant was again removed, 100 l chilled 70% ethanol was added again to each well, and it was spun at 3100g for 2 min. The final supernatant was removed, and the plate was spun upside down on tissue at 250g for 1 min. The plate was then allowed to air dry before the precipitated sequencing products were resuspended in 10 l H 2 O.
This sample was then run on an automated ABI 3700 DNA Analyzer (Applied Biosystems). Sequences were analyzed using PhredPhrap software (www.genome.washington.edu). The sequence of MCHR1 from the UCSC database (http://genome.ucsc.edu/) was converted into a trace file for reference. SNPs found in one primer direction were confirmed by viewing the opposite strand. SNP allele frequencies were calculated from this sequencing data. Genotyping. The six SNPs with an MAF of Ͼ5% from the sequencing analysis were then genotyped in the total case and control groups using the Sequenom MALDI-TOF technology (28) (http://www.sequenom.com). Primers and extension primers were designed using the MassARRAY Assay Design software (Sequenom), and details can be obtained from the authors. For a 4-plex PCR, 2.5 ng of each DNA sample were mixed with 2.18 l H 2 O, 0.5 l Quiagen Hot Star Buffer, 0.2 l MgCl 2 , and 0.02 l Hot Star Taq (5 units/l); 0.1 l of 10 mmol/l dNTP; and 0.5 l of 1 mol/l primer mix. A PCR was then carried out at 95°C for 15 min, then four cycles of 95°C for 20 s, 65°C for 30 s, 72°C for 1 min, followed by four cycles of 95°C for 20 s, 58°C for 30 s, 72°C for 1 min, followed by 38 cycles of 95°C for 20 s, 53°C for 30 s, 72°C for 1 min, and ending with 72°C for 3 min. Shrimp alkaline phosphatase was then added to samples as 0.3 l SAP, 0.17 l hME buffer (10ϫ), and 1.53 l H 2 O to make a total of 2 l per single reaction. Samples were incubated for 20 min at 37°C and then at 87°C for 5 min. The hME reaction solution was then added, which comprised 1.732 l H 2 O, 0.2 l hME 10ϫ termination mix, 0.05 l hME primer (100 mol/l), and 0.018 l MassExtend enzyme (32 units/l) for each single reaction to make a total volume of 2 l. The hME thermocycle reaction was 94°C for 2 min, followed by 55 cycles of 94°C for 5 s, 52°C for 5 s, 72°C for 5 s, and then cooled to 4°C. The reaction products were purified by dispensing 3 mg clean resin into each well, followed by 6 l of H 2 O. The plate was rotated for 5 min and then centrifuged for 5 min at 300g. Approximately 15 nl of the hME reaction products were then transferred onto a SpectroCHIP. The mass-extended products were then analyzed by mass spectrometry using the Sequenom MALDI-TOF instrument (28) . Based upon the expected masses of the products, SNP alleles were called by the Sequenom software. Plates were considered successful if Ͼ75% of genotypes could be called and were not significantly different from Hardy-Weinberg equilibrium (P Ͼ 0.05). Statistics. Frequencies were calculated and analyzed using the SPSS statistical package version 11.0.0 (SPSS). The 2 test was performed, testing all cases against all control subjects as well as adult and children separately against the control group. This was done using allele frequencies, as well as genotype frequencies. Genotype frequencies were then analyzed using dominant and recessive models. The dominant model compared the combined group of the heterozygotes and homozygotes for the rare allele with the homozygotes for the common allele, and the recessive model compared the homozygote rare allele group versus the rest.
To confirm that there was no difference between the three groups that comprised the control subjects, allele and genotype frequencies for each group were also compared by the 2 test. Haplotypes were constructed with the six common SNPs using the program Phase 2.0 (29) . Those who had missing data for any of the six SNPs were removed from this analysis, giving a total of 1,779 individuals. Linkage disequilibrium was calculated using HaploXT from the result from all cases and control subjects and graphically displayed using the program Gold (30) . Quantitative analysis of normalized Z BMI within case and control groups was performed by the ANOVA test using the SPSS program.
Uncorrected P values of 0.05 were regarded as significant. However, in consideration of the number of statistical tests carried out, a modified Bonferroni correction was attempted. The six SNPs within the gene are all in strong linkage disequilibrium with each other, so the SNP tests were not completely independent. Conservatively, using the minimum value of correlation between SNPs, i.e., the lowest linkage disequilibrium DЈ value of 0.763, the corrected threshold of significance for the SNP tests was P ϭ 0.018 (31) . When the haplotype tests were also factored in, this led to a global significance level of P ϭ 0.004. Certain results were still significant if this value was taken into account. However, the uncorrected P values are presented in the tables and text because of the continuing debate about the validity of the Bonferroni correction (32) .
